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Abstract. In winter of 2009–2010 south-western Europe was
hit by several destructive windstorms. The most important
was Xynthia (26–28 February 2010), which caused 64 re-
ported casualties and was classified as the 2nd most expen-
sive natural hazard event for 2010 in terms of economic
losses. In this work we assess the synoptic evolution, dynam-
ical characteristics and the main impacts of storm Xynthia,
whose genesis, development and path were very uncommon.
Wind speed gusts observed at more than 500 stations across
Europe are evaluated as well as the wind gust field obtained
with a regional climate model simulation for the entire North
Atlantic and European area. Storm Xynthia was first identi-
fied on 25 February around 30◦ N, 50◦ W over the subtrop-
ical North Atlantic Ocean. Its genesis occurred on a region
characterized by warm and moist air under the influence of
a strong upper level wave embedded in the westerlies. Xyn-
thia followed an unusual SW–NE path towards Iberia, France
and central Europe. The role of moist air masses on the ex-
plosive development of Xynthia is analysed by considering
the evaporative sources. A lagrangian model is used to iden-
tify the moisture sources, sinks and moisture transport asso-
ciated with the cyclone during its development phase. The
main supply of moisture is located over an elongated re-
gion of the subtropical North Atlantic Ocean with anoma-
lously high SST, confirming that the explosive development
of storm Xynthia had a significant contribution from the sub-
tropics.

1 Introduction

Intense extratropical cyclones are often associated with ex-
treme weather conditions, in terms of wind and precipita-
tion, being among the most severe natural hazards affecting
Europe (e.g. Lamb, 1991; Fink et al., 2009; Liberato et al.,
2011). During the recent winter of 2009–2010 south-western
Europe was hit by destructive storms, including two deadly
events only one week apart. The Island of Madeira (Portu-
gal) was hit on 20 February 2010 by severe rainfall, which
led to flash-floods and hundreds of landslides, which even-
tually killed more than 40 people (Fragoso et al., 2012). In
this work, we analyse the main impacts, the synoptic evolu-
tion and dynamical characteristics of the second event. Storm
Xynthia1 (26–28 February 2010) developed and crossed over
the Madeira archipelago following a similar track to the
storm that caused such havoc on this Island the week before.
Despite the high level of awareness of all European Mete-
orological services (particularly those more likely to be af-
fected, Portugal, Spain and France) this storm caused a total
of 64 reported casualties, a number larger than well-know
North Atlantic (NA) storms such as “Lothar” and “Martin”
in 1999, “Kyrill” in 2007 and “Klaus” in 2009 (e.g. Fink et
al., 2012). The total economic losses were estimated at least
EUR 3.6 billion (USD 4.5 billion) and Xynthia was classi-

1 Storm names employed herein are as given by the Freie Uni-
versiẗat Berlin and as used by the German Weather Service. Source:
http://www.met.fu-berlin.de/adopt-a-vortex/historie/

Published by Copernicus Publications on behalf of the European Geosciences Union.

http://www.met.fu-berlin.de/adopt-a-vortex/historie/


2240 M. L. R. Liberato et al.: Explosive development of winter storm Xynthia

fied as the 2nd insured loss event in 2010 lead by the Chilean
Earthquake (AON Benfield, 2010). These striking numbers
give evidence of the significance for the society of such de-
structive meteorological events over the Euro-Atlantic re-
gion.

The role of latent heat release and moisture advection
from the subtropics during the development stages of ma-
jor NA storms on a comparatively southerly path has been
addressed in the literature (e.g. storm “Klaus”, cf. Knippertz
and Wernli, 2010; Liberato et al., 2011; Fink et al., 2012).
High values of equivalent potential temperature (θe) at low
levels tend to reduce the static stability across the troposphere
and, so to reinforce the interaction between low level cyclone
and high level systems, both of them leading to cyclogenesis:
the cyclogenesis processes and interactions are more effec-
tive than in normal conditions when static stability is low.
Thus, high values ofθe at 850 hPa in the warm sector of a
cyclone are generally interpreted as an indicator for strong
latent heat release which may support the intensification of
the cyclone (Fink et al., 2009; Pinto et al., 2009; Liberato et
al., 2011).

The occurrence of these two disruptive extreme events
in February 2010 fits within a wider context of the entire
2009-2010 winter, which was characterised by extremely
cold weather conditions over large parts of the Northern
Hemisphere, including the USA, Europe and China. This fact
has been linked to the record breaking negative values of the
North Atlantic Oscillation (NAO) or Arctic Oscillation (AO)
indices (Cattiaux et al., 2010; Seager et al., 2010; Wang et
al., 2010). In particular, the polar jet latitude over the central
and Eastern NA was systematically between 30 and 40◦ N, a
value corresponding to the lowest end in the distribution dur-
ing the Reanalysis period (cf. Santos et al., 2013). This also
had implications over the Iberian Peninsula, where large sec-
tors of western and southern Iberia were anomalously wet,
including historical maximum values in winter precipitation
for some stations (cf. Andrade et al., 2011; Vicente-Serrano
et al., 2011).

In this paper we present a comprehensive assessment of
storm Xynthia, describing its socio-economic impacts over
Europe and its lifecycle, with special emphasis on its ex-
plosive development. The description of the synoptic-scale
development is discussed by means of classical cyclogenetic
factors (e.g. Uccellini and Johnson, 1979; Chang et al., 1984;
Browning, 1997; Pinto et al., 2009). A simulation with a re-
gional climate model (RCM) is used to enable a more de-
tailed view of the cyclone development and the area affected
by the windstorm. Finally, a lagrangian approach is used to
identify the moisture sources, sinks and moisture transport
associated with the cyclone during its development phase.
The implications and conclusions are presented in the final
section.

2 Data and methodology

2.1 Meteorological data

We have used the European Centre for Medium-Range
Weather Forecasts (ECMWF) Reanalyses (ERA Interim;
Dee et al., 2011) at full temporal (six-hourly) and spatial
(T255; interpolated to 0.75◦ regular horizontal) resolutions
to analyse the large-scale conditions associated with the de-
velopment of the studied storm. Theθe at the 850 hPa pres-
sure level, here used as an indicator of the combined effect
of latent and sensible heat, was computed following Bolton
(1980).

Maximum gust speeds observed at more than 500 stations
located in Europe (Fig. 2) were retrieved from preliminary
reports published by the Meteorological services from Por-
tugal, Spain and France as well as from OGIMET website
(www.ogimet.com). Weather charts provided by the German
Weather Service (DWD, Deutscher Wetterdienst) and EU-
METSAT satellite images were used for the surface analysis
of synoptic development and cloud patterns.

2.2 The COSMO model

The COSMO model (http://www.cosmo-model.org) is used
in its Climate Limited area Model (COSMO-CLM version
4.8, hereafter CCLM) to perform a simulation of winter
storm Xynthia. The CCLM is a non-hydrostatic regional cli-
mate model and has been applied to various needs on several
domains and scales (Rockel et al., 2008). Here, the model
domain (Fig. 4a) covers large parts of the NA Ocean and Eu-
rope featuring a horizontal resolution of 0.22◦

× 0.22◦ (about
25 km grid size) with 32 layers in the vertical. ERA-Interim
data (see above) is used as boundary data to force the model.
To keep the simulation towards analysed data, spectral nudg-
ing is applied to the horizontal wind components (U,V ).
The influence of the spectral nudging on the model develop-
ment is strong at high model levels, but it is weak at 850hPa.
Therefore, the influence of this technique within the bound-
ary layer is very limited. The simulation of Xynthia starts at
00:00 UTC on 26 February 2010 and covers a period of 96 h
(4 days).

2.3 Lagrangian approach to identify the moisture
source region to the cyclone

The Lagrangian analysis of the transport of moisture was
performed with the FLEXPART model (Stohl et al., 1998;
Stohl and James, 2004, 2005). As part of the initialisation
of the model, the atmosphere is split homogeneously in a
large number of parcels, the so-called “particles”, each rep-
resenting a small fraction of the total atmospheric mass. Par-
ticles are allowed to move freely (forwards or backwards in
time) with the observed wind maintaining their mass con-
stant. FLEXPART uses reanalysis data to calculate the grid-
scale advection. In this study FLEXPART simulations were

Nat. Hazards Earth Syst. Sci., 13, 2239–2251, 2013 www.nat-hazards-earth-syst-sci.net/13/2239/2013/
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performed using one degree resolution and 60 model verti-
cal levels available in ERA Interim (see above) at 00, 06,
12, 18:00 UTC and forecast input for the intermediate time
steps (03, 09, 15, 21), covering the large-scale window that
encloses NA and Europe (140◦ W–50◦ E, 0–60◦ N) to the top
of the atmosphere at 0.1 hPa. At any given time step, the av-
erage number of particles tracked over this domain is about
1.5 million.

Values of the specific humidity,q, are interpolated to the
particle positions from the ECMWF analysis grid. The infor-
mation of the trajectories allows the computation of moisture
variations (e − p) by means of specific humidity changes in
time (dq/dt) and

e − p = m
dq

dt
, (1)

wheree andp are respectively the rates of moisture increase
and decrease of the particle along its trajectory andm rep-
resents its mass. By adding (e − p) for all the particles in
the atmospheric column over a given areaA it is possible to
compute (E−P ), the surface freshwater flux, whereE is the
evaporation andP the precipitation rate per unit of area:

(E − P) ≈

K∑
k=1

(e − p)k

A
. (2)

In Eq. (2)K is the number of particles residing over the area
A. By integrating all the changes of all the particles aimed to-
wardsA, it is possible to find the areas where those particles
have either gained (E −P > 0) or lost (E −P < 0) moisture
along their path towards the selected area.

Following Liberato et al. (2012), this procedure is here
applied to track the sources, the sinks and the transport of
moisture associated with a moving cyclone during the explo-
sive development. During this stage, an amplified wedge of
warm and moist air, known as the warm sector of the cyclone,
forms at the south-eastern side of the cyclone centre. This is
a typical feature for Northern Hemisphere extratropical cy-
clones (e.g. Dacre et al., 2012). A 5◦

× 5◦ longitude/latitude
box was chosen to comprise the centre of the cyclone and
its south-eastern warm sector, evaluating (E − P ) along the
back-trajectories of the particles residing in a given time on
the total column over the area defined by this moving box.
Sensitivity studies on the position and dimensions of this box
have been performed, showing that the chosen box and its
dimensions are adequate to represent the warm sector of the
cyclone (not shown). This allows obtaining an estimate of
the net freshwater flux (E − P ), over the days for which the
integration was performed. The (E − P ) back trajectory val-
ues for specific days are denoted by (E −P)−n (the negative
sign denotes that the analysis is performed backward in time
to be consistent with the convention adopted in Stohl et al.,
2005). Here, (E − P)−2 shows the regions where the parti-
cles gained or lost moisture during the two previous days of
the trajectory.

3 Impacts

The meteorological and socio-economic impacts of storm
Xynthia affected a wide region in western Europe, includ-
ing Portugal, Spain, France, Belgium and Germany. Exam-
ples of destruction can be seen in Fig. 1. Windstorm Xyn-
thia struck Portugal and Spain on 27 February and hit the
French Atlantic coast on 28 February, continuing its track
towards north-east to Belgium, the Netherlands and Ger-
many. Severe storm force gusts of over 40 m s−1 were mea-
sured at low-level stations, from the Atlantic archipelagos of
Madeira and Canary Islands but particularly over Iberia and
France (Fig. 2). Strong winds induced waves as high as eight
metres along coastal locations in Portugal, Spain (Fig. 1a)
and France (Aon Benfield, 2010). According to data avail-
able from the Spanish Oceanographic Institute (IEO) a buoy
moored 22 miles north of Santander registered a peak of sig-
nificant wave height over 14.88 m, between 18:00 UTC and
19:00 UTC on the afternoon of 28 February (Fig. 3), when
the buoy anchor cable broke and the buoy drifted away.

Wind uprooted numerous trees (Fig. 1b), blew down elec-
tricity masts and blew roofs away. In the French Atlantic
coast, the storm surge combined with a high tide and large
waves caused flood defences to fail along the coast from the
mouth of river Gironde, near Bordeaux, up to the Loire Es-
tuary. Over 50 000 ha of land were flooded and consequently
France registered 47 fatalities (the highest amount of casu-
alties caused by Xynthia). Most of these deaths occurred as
a consequence of the flooding along the Atlantic coast, al-
though a small number of people died as a result of storm
debris. In some houses in La Faute-sur-Mer (Fig. 1c), the
water level rose to a height of 2.5 m within half an hour fol-
lowing the failure of dikes and subsequent widespread flood-
ing. Reports suggest that around 10 000 people were forced
to evacuate their homes on the French Atlantic coast (Lum-
broso and Vinet, 2011).

Xynthia also caused considerable damage in Belgium,
the Netherlands and Germany, where winds were also still
sufficiently strong (Fig. 2) to uproot trees and blow off
roofs. Nearly two million people lost access to electric-
ity as a direct consequence of the event, with one mil-
lion power outages in France alone. Intense rain periods as-
sociated to Xynthia also triggered flooding in the United
Kingdom. The overall number of claims was estimated at
more than 100 000 with insured losses amounting to nearly
EUR 1.5 billion (USD 2 billion) in France alone, with an ad-
ditional EUR 1.3 billion (USD 1.65 billion) in combined in-
sured losses from Portugal, Spain, Belgium and Germany.
Total economic losses were estimated at EUR 3.6 billion
(USD 4.5 billion).

www.nat-hazards-earth-syst-sci.net/13/2239/2013/ Nat. Hazards Earth Syst. Sci., 13, 2239–2251, 2013
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Fig. 1: Photos documenting the impact of storm Xynthia, showing (a) A Guarda, Spain 636 
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Fig. 1. Photos documenting the impact of storm Xynthia, showing(a) A Guarda, Spain 27 February 2010.(b) Arlanzón, Spain 28 February
2010.(c) La Faute-sur-mer, France 28 February 2010.(d) Aiguillon Sur Mer, France 28 February 2010. The sites are identified respectively
with a number on the map of Fig. 2 (pictures 1a, 1c and 1d from AFP and picture 1b from AP, all available fromhttp://news.bbc.co.uk/2/hi/
in pictures/8541808.stm).

4 Results

4.1 Results from regional modelling

In this section, a simulation with CCLM is described to en-
able a detailed view of the cyclone development and of the
area affected. Figure 4a shows the tracks of storm Xynthia
as represented in ERA-Interim (blue) and the CCLM simu-
lation (green) at 6-hourly intervals. Additionally, the maxi-
mum wind gust at each grid point (footprint of the storm)
from CCLM is also displayed. Only gusts above 20 m s−1 are
shown. The tracks, i.e. the trajectories of the storm centre, for
ERA-Interim and CCLM are generally in good agreement,
although the track of the CCLM simulation is slightly shifted
southward before reaching the coast of the Iberian Peninsula,
as well as later over the Baltic Sea. As expected, the high-
est wind gust values occur mainly on the southern flank of
the storm path: values above 40 ms−1 are simulated offshore
the Portuguese Coast (close to Madeira) and over the Bay
of Biscay. Overall, simulated values over Iberia, France and
Germany are compatible with the observed pattern (e.g. the
much lower values at southern Iberia or lee of Pyrenees, cf.
Fig. 2). Likewise, the evolution of the core pressure is rather
similar in ERA-Interim and CCLM (Fig. 4b). However, the
pressure drops faster for CCLM (green line) during the ini-
tial stages being very similar to ERA-Interim (blue line) just

before reaching the north-western tip of Iberia. Afterwards,
the CCLM core pressure is again lower than ERA-Interim
over Bay of Biscay (with a minimum of 967 hPa) and further
downstream. The overall capacity of the CCLM to reproduce
the spatial track, core pressure evolution and associated wind
gust field confirms the good ability of this model even under
such extreme conditions (c.f. Born et al., 2012).

4.2 Description of the synoptic-scale development of
Xynthia

The synoptic characteristics of Xynthia development are
briefly discussed in this section. Figure 5a–c display the
surface analysis charts as derived by the DWD for three
time steps during the phase of rapid intensification of the
storm. On 26 February 12:00 UTC, Xynthia appeared as a
developing cyclone (Fig. 5a). The cyclone centre, with an
analysed core pressure below 995 hPa, is located just west
of the 30◦ W longitude and further south than usual, over
the subtropical NA Ocean. About 18 h later (27 February
06:00 UTC, Fig. 5b), the cyclone underwent rapid intensi-
fication as it moved eastward, close to the Portuguese coast,
with the core pressure dropping below 975 hPa.

The concept of explosive cyclogenesis was first introduced
by Bergeron (1954), referring to rapidly developing storms
with a drop in central pressure of at least 24 hPa in 24 h.

Nat. Hazards Earth Syst. Sci., 13, 2239–2251, 2013 www.nat-hazards-earth-syst-sci.net/13/2239/2013/
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Fig. 2.Maximum wind gusts (in m s1) at synoptic stations reported during the period from 26 February to 1 March 2010. A black dot denotes
stations where values below 20 m s−1 were recorded. A black circle indicates mountain stations (with an altitude higher than 1000 m a.s.l.).
Numbers, from 1 to 4, represent the sites mentioned on Fig. 1 and the approximate location of the IEO buoy is marked with the symbol♦.

Fig. 3. Hourly averages of significant wave height and sea-level
pressure between 18 February and 1 March 2010 from the Span-
ish Oceanographic Institute (IEO) buoy located 22 miles north of
Santander. The approximate location of the buoy is marked with the
symbol♦ on Fig. 2.

Since this critical deepening rate concerned lows developing
at high latitudes, typically around 60◦ N, the threshold was
later generalised by Sanders and Gyakum (1980) to all extra-
tropical cyclones, through the introduction of a geostrophic
adjustment factor to any latitudeϕ (sin 60◦/sinϕ). Xynthia

develops at relatively low latitudes, which is uncommon for
this type of phenomena (e.g. Trigo 2006). The pressure drop
of about 20 hPa during the first 18 h of maximum deepening
occurs at an average latitude of 37.5◦ N, which corresponds
to an equivalent rate of 28.5 hPa at 60◦ N. The system un-
derwent further intensification during the next hours, being
therefore well within the explosive cyclogenesis classifica-
tion. After this very fast developing stage, the warm sector
already covered half of the Iberian Peninsula while the cold
front approached the archipelagos of Madeira and Canary Is-
lands. The cyclone centre moved towards the Bay of Biscay,
18 h later (28 February 00:00 UTC, Fig. 5c), and it is located
just off the French Atlantic coast, reaching its absolute mini-
mum core pressure below 970 hPa. The corresponding com-
posite satellite image from a geostationary platform is shown
in Fig. 5d. The cold front passed over the Iberian Peninsula
during the previous couple of hours and was accountable for
severe wind gusts and rough seas along the Spanish northern
coast (cf. Fig. 3).

The evolution of atmospheric fields for the same three time
steps is depicted in Fig. 6. Low levelθe at 850hPa (Fig. 6a, c,
e) and upper air jet stream and wind divergence at 300 hPa as
well as the geopotential height (gpdm) at 500 hPa (Fig. 6b,
d, f) are displayed. The surface cyclone core is indicated in
each panel by a black dot. On 26 February 12:00 UTC, the
cyclone is located at the tip of a broad area with high val-

www.nat-hazards-earth-syst-sci.net/13/2239/2013/ Nat. Hazards Earth Syst. Sci., 13, 2239–2251, 2013



2244 M. L. R. Liberato et al.: Explosive development of winter storm Xynthia

Fig. 4. (a)Surface track of Xynthia as represented in ERA-interim (blue) and in the CCLM simulation (green). Wind gust field corresponds
to local maximum wind values (m s−1) during simulation period. The position of the storm at six-hourly intervals is marked with a filled
circle. The SST anomaly over the south-eastern North Atlantic for the month February 2010 is depicted as red isolines (each 0.5 K). Areas
with an SST anomaly exceeding the climatological standard deviation by a factor of 2 are dotted.(b) The corresponding core MSLP data are
shown for the period 00:00 UTC 25 February 2010 to 00:00 UTC 2 March 2010.

ues of θe (Fig. 6a). Results by Fink et al. (2012) provide
evidence that diabatic processes were quite important at this
development stage. At the same time, the cyclone is located
vertically aligned to a jet stream with a split structure with
two branches (or jet streaks) one extending from the north-
western towards the south-eastern NA and another orientated
more zonally from the Azores towards Italy. High values
of upper level divergence appear in the vicinity of the cy-
clone, between the two branches. Furthermore, the surface
cyclone is located upstream regarding an approaching upper
level trough at 500 hPa (Fig. 6b). About 18 h later (27 Febru-
ary 06:00 UTC), the cyclone is located just offshore the Por-
tuguese coast (Fig. 6c) and the tongue of warm and moist
air still supplies the cyclone with energy from lower levels at
that time. The structure of the upper level jet stream, being
displaced towards a north-eastern direction, is largely pre-
served, exhibiting again a split structure and large amounts
of upper-air divergence (Fig. 6d). The trough remains al-

most stationary, with a small disturbance upstream along the
536 gpdm isoline, just above the surface cyclone. Another
18 h later (28 February 00:00 UTC) Xynthia reaches the Bay
of Biscay and will make landfall at the French Atlantic coast
within the next couple of hours (Fig. 6e). At that time, the
development of the storm has virtually ceased. The supply of
warm and moist air is weakening, as the storm gets truncated
from the reservoir of the warm and moist air masses with
high θe (Fig. 6e). By that point, the warm sector had shrunk
drastically and the cyclone evolves to start its occlusion pro-
cess soon (cf. Fig. 5c). At the upper levels we may still ob-
serve large values of wind divergence at 300 hPa, between
the two jet streaks (Fig. 6f). As the northern jet streak weak-
ens (down to maximum wind speeds of about 60 m s−1), the
upper level conditions become unfavourable for further de-
velopment. The trough at 500 hPa moves further to the east,
while the surface cyclone is still located upstream within

Nat. Hazards Earth Syst. Sci., 13, 2239–2251, 2013 www.nat-hazards-earth-syst-sci.net/13/2239/2013/
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Fig. 5. (a)synoptic analysis in surface for 12:00 UTC 26 February 2010(b) same for 06:00 UTC 27 February 2010(c) same for 00:00 UTC
28 February 2010.(d) Composite image (often referred to as “air mass RGB”) obtained with the following Meteosat channels for 28 February
2010 close to 00:00 UTC: water vapour (6.2 µm and 7.3 µm), ozone (9.7 µm) and thermal infrared (10.8 µm).

a small wave disturbance. The cyclone keeps propagating
north-eastward the trough along the 520 gpdm isoline.

Figure 5d shows a composite image, often referred to
as “air mass RGB” (http://oiswww.eumetsat.org/IPPS/html/
MSG/RGB/AIRMASS/), obtained with the Meteosat ob-
servations for 28 February 2010 close to 00:00 UTC indi-
cated below. This composite makes use of water vapour
(6.2 µm and 7.3 µm), ozone (9.7 µm) and one thermal in-
frared (10.8 µm) channels, enhancing differences in tem-
perature, moisture and cloud height: high/mid-level appear
white/pinkish, while dry stratospheric air is revealed in red-
dish colours. The figure shows the cloud structure of the cy-
clone just before making landfall. A band of clouds stretch-
ing from the NA towards the Mediterranean and running par-
allel to the cold front may be assigned to the warm conveyor
belt of the cyclone system. Figure 5d shows increasing cloud
top heights from south-west to north-east as would be ex-
pected along the rising relatively warm and wet air within
the warm conveyor belt. The cold conveyor belt bends back
around the cyclone centre at the north-western edge. Encir-
cling the cyclone centre from the southern tip towards the
direction of the movement, a region without clouds and ap-
pearing in reddish colour indicating dry air/low tropopause

in this type of composite image (Fig. 5d), is noticeable over
the Bay of Biscay. This may be explained through descend-
ing dry air from aloft, being associated with the dry intrusion,
which is a common feature during the development of extra-
tropical cyclones (Browning, 1997).

The radiosonde profiles confirm the above mentioned dry
intrusion. Figure 7 shows the evolution of radiosonde pro-
files at 12:00 UTC for Funchal, Madeira for 26 (black) and 27
(blue) February. On 26 February the skew-T log-P diagram
shows clearly the existence of a deep layer of warm, satu-
rated moist air mass extending from the surface to around
780-800 hPa. A cold, stable dry air mass associated with a
dry intrusion may be found on the overlaying layer around
750–700 hPa (black lines). On 27 February 2010 (blue line)
the dry slot around 700 hPa was significantly intensified and
an inversion at lower levels may be clearly identified.

5 Moisture sources, sinks and transport

To identify the origin of the main moisture sources, sinks and
moisture transport associated with Xynthia’s explosive de-
velopment, a box of 5◦ latitude/longitude was defined south-
east of the tracked cyclone position (minimum pressure
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Fig. 6. Large-scale conditions associated with the development of storm Xynthia.(a) θe (K) at 850 hPa for 12:00 UTC 26 February 2010.
(b) Jet (shaded: m s−1, see colour bar) and upper air divergence (orange contours every 2× 10−5 (s−1) above 4× 10−5 (s−1)) at 300 hPa
for 12:00 UTC 26 February 2010. The black contours show the geopotential height (gpdm) at 500 hPa.(c) Same as(a) for 06:00 UTC
27 February 2010.(d) Same as(b) for 06:00 UTC 27 February 2010.(e) the same as(a) for 00:00 UTC 28 February 2010.(f) Same as(b)
for 00:00 UTC 28 February 2010. The cyclone position at corresponding time is marked with a circle.

position) for every 6 h during the period of the explosive
phase (represented by a square on each panel from 26 Febru-
ary 06:00 UTC to 28 February 00:00 UTC, Fig. 8). After-
wards the virtual air particles in the overlying air column in-
side this box were tracked backward. Analysis of theE − P

values indicates where and when the moisture was gained or
lost. The 2-day integratedE − P fields were computed and
are shown in Fig. 8. The analyses of these patterns provide
a good representation of source and sink regions of moisture
from particles inside the warm sector of Xynthia.
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Fig. 7. Projection on a skew-T diagram for the 26 February 2010
(11:09 UTC) sounding at Funchal, Madeira (black symbols) and for
the 27 February 2010 (at 11:10 UTC, in blue symbols).

In the regions characterized by positiveE − P , the excess
of evaporation over precipitation indicates a net moisture
gain. That is the case during Xynthia’s development phase
at the equatorward region of the cyclone over the subtropical
Atlantic Ocean. The orange areas onE−P maps correspond
to the main regions in which the air masses gained moisture
during the 2 previous days. Figure 8a shows that noticeable
masses of air over the subtropical Atlantic ocean are charac-
terized by positive (E − P)−2, proving that the (sub)tropical
oceanic region was the main moisture source during the ex-
plosive cyclogenesis. In contrast, the value (E−P)−2 is neg-
ative for air masses in the surroundings of the cyclone centre.
The following panels make evidence for the persistent impor-
tance of this source region throughout the entire explosive
development phase, since the cyclone continued to be fed by
moisture from this region. When analysing theseE −P pan-
els we should keep in mind that there is also evaporation on
the bluish (negative) regions, as well as precipitation on the
orange (positive) regions. Thus while most of the precipita-
tion must have been originated in the moisture source areas
detected we acknowledge that a fraction may have its origins
in negativeE − P regions observed and even through local
recycling. Another relevant feature identified from the se-
quence of panels on Fig. 8 is the fact that this oceanic source
region is progressively elongated, showing that the cyclone is
being continuously fed both from the original (sub)tropical
region and also from nearby moist air, following its track.

It is also interesting to note the intensification of the mois-
ture recharge (orange) region from 00:00 UTC to 06:00 UTC
on 27 February, i.e. precisely the period when Xynthia expe-
rienced the larger pressure drop (see Fig. 4) over the Atlantic
Ocean off the Moroccan coast.

To confirm that a tongue of warm, moist air was capable of
supplying the cyclone with energy originated at lower levels
up we represent the 2 day backward trajectories of the parti-
cles inside the chosen box (Fig. 9), respectively with values
of height (left panels), specific humidity (central panels) and
temperature (right panels). From these panels it is clear that
particles originating over the (sub)tropical moisture source
region transport significant amounts of warm moisture (val-
ues over 8 g kg−1) from lower levels (below 1000 m) upward
(Fig. 9a). A small exception refers to the subset of particles
that the cyclone incorporates from the lower levels at mid-
latitudes (originating from the region near Florida) during
26 February (Fig. 9b). It is also interesting to note that al-
most all pathways related with mid-latitude air masses are
found at higher levels. These trajectories are well organized
and correspond to a high density of dry particles transported
rapidly by the jet stream. From the following panels it is clear
that the explosive development of the cyclone was continu-
ously fed by low level particles (Fig. 9c.1) from the region
off the coast of Morocco, with moist, warm air (Fig. 9c.2–3).
Furthermore, this intensification is also supported by the in-
clusion of dry low level air from the north as well as from
the intrusion of dry air from higher levels, which is evi-
dent on panels for 06:00 UTC 27 February (Fig. 9d). When
Xynthia reached the Bay of Biscay the storm got truncated
from the oceanic reservoir of the moist air masses and its
supply of moist air was reduced (Fig. 9d) which is coin-
cident to the end of the storm’s development. A significant
fraction of low level particles were then drier (Fig. 9d.2) in
agreement with the fact that the warm sector shrunk dras-
tically and the cyclone is to begin its occlusion phase soon
(cf. Fig. 5c). The sea surface temperature (SST) monthly
anomaly for February 2012 (Fig. 4a) reveals that during this
period the (sub-)tropical region of the Atlantic Ocean was 1
to 2◦C above the long-term climatological mean. This area
with enhanced SST corresponds well to the source region of
the trajectories that were associated with the development of
Xynthia. Please note that the presence of enhanced SST over
the subtropical North Atlantic close the African coast is both
consistent with the concurrent negative NAO phase and the
El Niño occurrence in the previous months (cf. Wanner et al.,
2001; Enfield and Mayer, 1997). The reasons for the excep-
tional magnitude of the SST anomaly in February 2010 are
left for future research.

Results presented here make evidence that the mois-
ture transport from (sub)tropical Atlantic Ocean plays a
relevant role in the cyclone explosive development. En-
hancedθe at 850 hPa may increase de baroclinic processes
or temperature/moisture gradients between polar-subtropical
air masses, which in turn may reinforce the cyclogenesis
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Fig. 8. Values of (E − P)−2 (mm day−1) diagnosed from 10-day back trajectories of the target particles arriving in the box of 5◦ lati-
tude/longitude SE of the cyclone position as detected by the tracking scheme during explosive development, for(a) 06:00 UTC 26 February
2010;(b) 12:00 UTC 26 February 2010;(c) 18:00 UTC 26 February 2010;(d) 00:00 UTC 27 February 2010;(e) 06:00 UTC 27 February
2010;(f) 12:00 UTC 27 February 2010;(g) 18:00 UTC 27 February 2010;(h) 00:00 UTC 28 February 2010. The position of the storm at
six-hourly intervals is marked with a filled circle on the first panel.

processes. The cold front and frontogenesis are well devel-
oped as shown on Fig. 5d. In other words, low latitudes baro-
clinic processes need intense tongue of moisture and temper-
ature to supply additional energy in explosive cases. The as-
sessment that the enhanced SST and moisture advection were
instrumental for the development of storm Xynthia was re-
cently confirmed by modelling sensitivity studies which con-
sidered reduced SST and modified latent heat fluxes (Ludwig
et al., 2013).

These results agree with other recent works which have
shown the key contribution from latent heat release to cy-

clone intensification of explosive extratropical cyclones over
the Atlantic Ocean, which are often accompanied by extreme
values ofθe at 850 hPa at their equatorward flank. This result
is in line with Fink et al. (2012), which provided evidence
that the baroclinic processes were less important than the di-
abatic ones during the deepening of the cyclone, since the
latter processes contribute more to the observed surface pres-
sure fall than horizontal temperature advection during the ex-
plosive deepening phase.
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Fig. 9. Two days trajectories diagnosed from back trajectories of the target particles arriving in the box of 5◦ latitude/longitude SE of the
cyclone position as detected by the tracking scheme during explosive development.(a) for 06:00 UTC 26 February 2010;(b) for 18:00 UTC
26 February 2010;(c) for 06:00 UTC 27 February 2010;(d) for 18:00 UTC 27 February 2010. For each panel: (1) Height (m); (2) specific
humidity (g kg−1); (3) temperature (◦C). The position of the storm at six-hourly intervals is marked with a filled circle on the top panels.

6 Discussion and concluding remarks

In the recent winter of 2009–2010 the south-western Eu-
ropean sector was hit by destructive storms. The most im-
portant event was storm Xynthia, which underwent explo-
sive deepening on 27 February over the Eastern NA and
brought considerable damage to parts of south-western Eu-
rope including parts of France and even, at a lower degree, to
Belgium, the Netherlands and Germany. Such exceptionally
extreme cyclones are not so frequent at such comparatively
southern latitudes (Trigo, 2006; Pinto et al., 2009; Liberato et
al., 2011). Genesis, development and path of storm Xynthia
were very uncommon. In this paper, a comprehensive assess-
ment of the main impacts, the synoptic evolution and the dy-
namical mechanisms that forced the explosive development
of storm Xynthia (26–28 February 2010) was presented. Fo-
cus was given to the key role played by the advection of
warm, moist air masses on the explosive development. The
evaporative oceanic sources were located over a large region
of the subtropical NA Ocean, with a significant contribution
from the tropics.

The attribution of mechanisms involved on this unusual
explosive development allows us to confirm previous works
that suggested that baroclinic processes are less important
than the diabatic ones to the explosive deepening of these
more southern, extreme extratropical cyclones (e.g. Liberato
et al., 2011; Fink et al., 2012). In particular, we confirm that
moisture advection from the subtropics and latent heat re-
lease during the development stages may play a very impor-
tant role for cyclones undergoing explosive development at
the southern edge of the NA storm track (c.f. also Liberato
et al., 2011; Fink et al., 2012 for other examples). In particu-
lar, the export of low level tropical and subtropical moist air
was associated with a significant positive anomaly of the SST
over the subtropical NA sector (Fig. 4) was found to be de-
terminant (see also Knipperz and Wernli, 2010). This region
is a well-known oceanic source of Iberian precipitation (Gi-
meno et al., 2010) and as such it is natural to be involved in
the occurrence of any extreme wet (dry) winters with warmer
(colder) than usual conditions.

We consider these results to be particularly relevant within
the context of the future warming of the global ocean that
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may alter the supply of moisture towards mid-latitude con-
tinental areas either by changes in the source characteristics
or by indirect changes in large scale circulation (Gimeno et
al., 2012). Even though Xynthia may be considered an un-
usual case under current climate conditions, it provides evi-
dence that an enhanced SST and enhanced latent heat release
may have a determinant impact for cyclone development. Re-
cent studies suggest that the total number of extratropical cy-
clones may decrease on this region, but the intensity of ex-
treme cyclones may increase (Ulbrich et al., 2009; Zappa et
al., 2013). Among the factors contributing to the develop-
ment of extreme cyclones, Pinto et al. (2009) suggested that
the increase inθe near the cyclone core may potentially be
the most important change in a future climate. This is partic-
ularly true for cyclones developing on the southern edge of
the NA storm track, which may be then more strongly dia-
batically driven than under present climate conditions.

Research on extreme cases occurring on western Iberia re-
gion and associated dynamical processes and variability are
of utmost importance, namely to better understand the oc-
currence of such extreme events. Future work will focus on
earlier cases like the windstorm and storm surge in 1724 (e.g.
Doḿınguez-Castro et al., 2012) through the analysis of rele-
vant historical data, thus contributing to put these storms into
a long-term climatic perspective.

Supplementary material related to this article is
available online at:
http://www.nat-hazards-earth-syst-sci.net/13/2239/2013/
nhess-13-2239-2013-supplement.zip.
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